Abstract-Cells can sense a myriad of mechanical stimuli. Mechanosensitive channel of large conductance (MscL) found in bacteria is a well-characterized mechanosensitive channel that rapidly responds to an increase in turgor pressure. Functional expression of MscL in mammalian cells has recently been demonstrated, revealing that molecular delivery or transport can be achieved by charge-induced activation of MscL. Despite a well-accepted mechanism for MscL activation by membrane tension in bacteria, it is not clear whether and how MscL can be opened by other modes of force transduction in mammalian cells. In this work, we used a variety of techniques to characterize the gating of MscL expressed in mammalian cells, using both wild type and a G22S mutant which activates at a lower threshold. In particular, employing a recently developed technique, acoustic tweezing cytometry (ATC), we show that ultrasound actuation of integrin-bound microbubbles can lead to MscL opening and that ATC induced MscL activation was dependent on the functional linkage of the microbubbles with an intact actin cytoskeleton. Our results indicate that localized mechanical stress can mediate opening of MscL that requires force transduction through the actin cytoskeleton, revealing a new mode of MscL activation that may prove to be a useful tool for mechanobiology and drug delivery research.
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INTRODUCTION
A key challenge in mechanobiology is to understand how mechanical signals interact with biochemical signaling pathways. It is known that mechanical and biochemical signaling networks are coupled through proteins that undergo large conformational changes, and a number of mechanisms have been shown to mediate the mechanochemical signal conversion. 37 For example, stretching of mechanosensitive (MS) proteins can damage molecular binding sites, expose regulatory sites, or alter association/dissociation rates for protein binding. 6, 15, 18 Mediated by membrane stretching, MS channel opening can lead to direct ion influx. 23 MS channels are central to mechanosensory transduction and essential for a variety of physiological processes, including regulation of cell shape and volume, and sensing touch and sound. 2, 23 MS channels possibly originated very early during the evolution of living organisms because primordial microbes needed to cope with osmotic forces due to the constant changes of osmolarity in their environments. Indeed, the prototypical MS channels in bacteria serve as emergency release valves that allow cytoplasmic solutes to be rapidly released from the cells. Most microbes possess members of one or both families of the MS channels, mechanosensitive channels of small conductance (MscS) and MscL. The best studied of these MS channels is MscL from Escherichia coli. A large amount of evidence supports the mechanism that membrane tension in the lipid bilayer directly gates MscL. 16 Due to the small size of E. coli cells, generation of giant spheroplasts of E. coli has been used to enable direct functional patch-clamp studies of MS channels. 25 Reconstituting purified MscL into liposomes for functional characterization has established that no intracellular protein components are required for the gating of MscL and that lipid bilayer tension appears to be the primary stimulus. [26] [27] [28] 35 The X-ray crystal structure of an MscL homolog found in Mycobacterium tuberculosis has revealed an oligomerized structure 3 and further suggested that mutations in the hydrophilicity of a residue within the channel core could alter mechanosensitivity. 40 In particular, gain-of-function mutants like G22S and G22N exhibit a lower gating threshold tension. These structure-function relationship studies supported that MscL opening is coordinated through integral structural rearrangements. However, despite the strong evidence of membrane tension involvement, a clear understanding of how forces are transmitted from the surrounding lipid bilayer to gate MscL still remains elusive. 13 An alternative mechanism for MS channel activation proposes that mechanosensitivity involves the connection between the cytoskeleton and MS channels. Since bacterial cytoskeleton is not required for bacterial MS channel function, this mechanism is likely more relevant to animal cells. The importance of the cytoskeleton for activating MS channels has been suggested by several studies. 29, 31 A previous study showed that membrane stress generated by the actin cytoskeleton can gate MS channels in mammalian cells.
14 Although neither MscL nor MscS homologues have been identified in animal and human cells to date, reconstitution of functional MscL activity in mammalian cells was recently demonstrated. 5 The ability to express MscL in mammalian cells presents new opportunities for studying the activation mechanism of MscL and potentially can introduce new mechanotransduction pathways to mammalian cells.
In this study, we examined MscL function under different mechanical perturbations in mammalian cells. Using adenoviruses, we obtained efficient expression of MscL and confirmed MscL function using an osmotic downshock assay. We performed fluid shear stress experiments to characterize these channels, and found that this failed to gate MscL. Interestingly, using a novel technique, acoustic tweezing cytometry (ATC), 8 in which acoustically excited lipid-coated microbubbles were targeted to the cell membrane via integrin receptors, MscL was robustly gated. Moreover, this ATC-mediated MscL activation was dependent on an intact cytoskeleton and the coupling to integrin receptors. Our results demonstrate that the activation of a bacterial MS channel expressed in mammalian cells can be mediated through localized membrane stress that is dependent on the actin cytoskeleton.
MATERIALS AND METHODS

Adenoviral MscL Expression System in RPE Cells
Constructs for the E. coli MscL WT as well as the gain of function mutant, MscL G22S, were kindly provided by Boris Martinac (Victor Chang Cardiac Research Institute, Darlinghurst, Australia). The MscL constructs were subcloned into a tetracycline (tet)-regulatable adenovirus vector using seamless cloning PCR. 21 His 6 -tags were inserted at the N-termini of the MscL sequences for subsequent immunofluorescence imaging and Western blot analysis. All constructs were verified by DNA sequencing at the University of Michigan DNA Sequencing Core. Adenovirus was generated and harvested from human embryonic kidney 293 (HEK293) cells transfected with the pADtet constructs. 11 Retinal pigment epithelial (RPE) cells served as the mammalian system for all experiments and were maintained in DMEM/F12 supplemented with 10% fetal bovine serum. To express MscL, RPE cells were co-infected with the adenoviruses containing MscL WT or MscL G22S (an MscL mutant with lower activation threshold) with encoded tet-regulatable promoter and tetracycline transactivator (tTA) adenovirus with incubation duration of 12-16 h prior to all experiments. Addition of tetracycline of various concentrations during infection incubation periods was used to verify proper function of the adenovirus expression system. For immunofluorescence imaging, infected RPE cells were fixed, permeabilized, and labeled with anti-His antibodies (Pierce Antibodies, Rockford, IL). Quantitative analysis of infrared Western Blots was conducted utilizing a LI-COR Odyssey Sa system (Lincoln, Nebraska USA).
Subcellular Fractionation
Cells grown in a 10 cm dish were lysed with 500 lL of subcellular fractionation buffer [250 mM sucrose, 20 mM Hepes (pH 7.4), 10 mM KCl, 1.5 mM MgCl 2 , 1 mM EDTA, 1 mM EGTA, 1 mM DTT, and 1 tablet of cOmplete Protease Inhibitor Cocktail Tablets (Roche)], scraped, and transferred to a microcentrifuge tube. The lysate was passed through a 25G needle 10 times and placed on ice for 20 min. To obtain the nuclear pellet, the tubes were centrifuged at 7209g for 5 min, the supernatant was collected and kept on ice, and the nuclear pellet was washed 19 with the subcellular fractionation buffer. The previously collected supernatant was then spun for 10-min at 10,0009g spin. Supernatant from the 10,0009g spin was further separated by ultracentrifugation at 100,0009g for 1 h, leaving the cytosolic fraction in the supernatant and the membrane fraction in the pellet. All samples were resuspended in SDS sample buffer and MscL expression was detected by Western blot.
Osmotic Shock Experiments
RPE cells were infected with the adenoviruses encoding MscL for 16 h prior the osmotic downshock experiments. Initial pilot experiment was performed by incubating cells for a period of 8 min in 10 mM HEPES and 1 lg/mL Alexa Fluor 568 phalloidin (Life Technologies, Carlsbad, CA). For the remaining osmotic shock experiments, cells were incubated for a period of 2 min in saline solutions of 10 mM HEPES, 100 lM propidium iodide (PI) (SigmaAldrich, St. Louis, MO) and different NaCl concentrations for different osmolarities. PI and phalloidin are both impermeable to the plasma membrane and label the nucleic acids and the actin cytoskeleton respectively upon entering the cells. After incubation, cells were washed with 19 phosphate buffered saline (PBS) twice and fixed with 4% paraformaldehyde. The nucleus was labeled with DAPI after cell permeabilization. PI intensity was quantified and normalized to total cell area in solutions at varying osmolarity. Cell viability was determined by recovery experiments where infected RPE cells were incubated with PI-free, hypo-osmotic solutions of 10 mM HEPES for 2 min, allowed to recover for 2 min in culture medium, and then incubated with 19 PBS containing 100 lM PI for 2 min before fixation and DAPI staining. Imaging was performed on a Nikon TiE inverted microscope system, and image analysis was performed using ImageJ (http://rsb.info.nih.gov/ij/).
Shear Flow Experiments
Cells were seeded in l-slide VI 0.1 microfluidic channels (ibidi, Verona, WI) overnight prior to infection with MscL adenoviruses. A 60 mL plastic syringe containing 50 lM propidium idodide in culture medium was mounted to a HA PhD Ultra syringe pump (Harvard Apparatus, Holliston, MA) and connected to the microchannels using sterilized Tygon tubing and Luer fittings. Shear stress in the channels was controlled by varying the flow rate. The shear stress, s (in dyne/cm 2 ), as a function of volumetric flow rate, Q (in lL/min), is s = 0.1067Q for a fluid viscosity of 0.01 dyne/cm 2 (per manufacturer's application note). Each channel was exposed to a fluid shear stress for 4-5 min. Live cell microscopy was performed on the Nikon Ti-E inverted fluorescence microscope equipped with sCMOS camera (Hamamatsu Photonics, Japan) and controlled via lManager software (http://www.micro-manager.org).
Acoustic Tweezing Cytometry (ATC) Experiments
A similar ATC setup to one described previously was used in this study. 8 One day prior to ATC, RPE WT cells were seeded on glass bottom culture dishes (MatTek Corporation, Ashland, MA) coated with 50 lg/mL fibronectin from human plasma (Sigma-Aldrich, St. Louis, MO). Right before ATC experiments, Targesphere TM -SA microbubbles (Targeson, San Diego, CA) were mixed with biotinylated Arg-Gly-Asp (RGD) peptides (Peptides International, Louisville, KY) for 20 min at room temperature, with a volume ratio of 5:1 of microbubbles (5 9 10 8 mL À1 ) to RGD (0.01 mg/ mL). To attach the microbubbles to cells, the culture media from the cell-seeded 35 mm glass bottom dish was removed followed by immediate addition of 20 lL of microbubble-RGD mixture. The small fluid volume permitted inversion of the culture dish to allow microbubbles to float upward and facilitate their attachment to the cells via RGD-integrin bindings. After 10 min, the dish was flipped back and unbound microbubbles were removed by a gentle wash with culture media.
During experiments, the cell-seeded dish was placed on a 37°C heated stage on an inverted microscope (Eclipse Ti-U; Nikon, Melville, NY). A 409 objective (0.75 NA) was used for observation of cells and microbubble activities. A 10 MHz focused transducer (Olympus, Waltham, MA) was positioned at an incident angle of 45°to apply ultrasound pulses to excite the microbubbles attached to the cells. The transducer was driven by a waveform generator (33250A; Agilent Technologies, Palo Alto, CA) and a 75 W power amplifier (75A250; Amplifier Research, Souderton, PA). The ultrasound pulses applied in this study each had fixed pulse duration (PD) of 50 ms and pulse repetition frequency (PRF) of 5 Hz. The total duration of ultrasound application was 10 s with the acoustic pressure amplitude of the ultrasound pulses as a variable. The free field acoustic pressure was measured using a 40 lm calibrated needle hydrophone (HPM04/ 1; Precision Acoustics, UK). The application of ultrasound was synchronized with a high-speed camera (FASTCAM SA1; Photron, San Diego, CA), which was used to capture the ultrasound-driven microbubble activities at a frame rate of 5000 frames/s. The translational displacement and the radius of the microbubbles before, during, and after ultrasound application were obtained from the high-speed image sequences using a custom MATLAB program. Only cells with bound microbubbles that had visible movements during ultrasound pulses were included in our quantitative analysis.
RESULTS
Expression of Bacterial MscL in Mammalian Cells
We first sought to develop a viral-based strategy for introducing MscL into mammalian cells (Fig. 1a) . WT and mutant MscL constructs with N-terminal His 6 -tag were cloned into a tetracycline-regulatable adenoviral vector. Infection with MscL-containing and tetracycline transactivator (tTA)-containing adenoviruses enabled high expression efficiencies compared to transient transfection by using DNA vectors. Addition of tetracycline (tet) can tune the protein expression level by sequestering tTA. MscL expression in RPE cells infected with the adenoviruses containing MscL WT or MscL G22S exhibited a tetracycline dose dependence, as detected by both Western blot (Fig. 1b) , and immunofluorescence (Fig. 1c) . Nearly all the cells were infected and expressed MscL, and 50 ng/mL of tet was sufficient to turn off MscL expression. This experiment also served to validate our viral-based expression system for introducing MscL to mammalian cell lines. Since the His 6 -tag is present on the cytoplasmic side of MscL, cells were permeabilized for immunofluorescence examination. Interestingly, in addition to staining the plasma membrane, staining of MscL near the nucleus was observed. To further confirm this observed localization of MscL, cell fractionation was performed and MscL was found in both plasma membrane and the nucleus (Fig. 1d) . It was not immediately clear whether MscL was inserted in the double lipid bilayer of the nuclear envelope or just to the outer lipid bilayer of the nucleus. 
Activation of MscL by Increasing Membrane Tension using Osmotic Shock
In E. coli subjected to an osmotic downshock, MscL and MscS allow solutes to be released while maintaining cell viability. Indeed it has been shown that cells with double null mutants are osmotically fragile. 19 In addition to this, reconstitution of MscL into liposomes has demonstrated that MscL responds to membrane tension alone, and does not require any other proteins. 12, 32 To determine if MscL introduced in mammalian cells can be gated similarly by osmotic pressure, we first tested if hypo-osmotic solution could gate MscL with fluorescent phalloidin included in the medium. The large size of MscL's open pore allows free passage of large organic osmolytes. Rhodamine dye conjugated phalloidin is~1590 Da and binds strongly to filamentous actin (F-actin) and not to monomeric actin. It fluorescently labels the F-actin and is non-fluorescent when not bound to actin. Using this assay, we found that RPE cells not expressing MscL had no phalloidin staining under both iso-osmotic and hypo-osmotic (10 mM HEPES) conditions for a period of 8 min, as expected (Fig. 2a) . In RPE cells expressing MscL, strong phalloidin staining was observed for those subjected to the hypo-osmotic condition but not the iso-osmotic condition. Together, these results confirmed the functional expression of MscL in RPE cells. Previous work by Doerner et al.
14 showed that chemically-induced activation of MscL G26C was cytotoxic for periods of ‡10 min; and that 2 min was sufficient to allow uptake of fluorescent molecules on the order of 800 Da. For subsequent osmotic pressure experiments, we used propidium iodide (PI; 668 Da) and shortened osmotic pressure incubation times to 2 min. First, to assess the viability of the MscL expressing cells subjected to hypo-osmotic conditions and assure that dye uptake was due to channel activation and not cell death, PI was added to the cells during and after osmotic downshock (Fig. 2b) . PI is an impermeable, intercalating molecule that has a detectable increase in fluorescence when bound to nucleic acids after entering cells. This dye is often used to assess cell viability because, due to its small size, it enters dying cells quickly. Because MscL is a non-selective channel that can allow the passage of molecules up to 6.5 kDa, PI should be able to also transit through the opened MscL in non-dying cells. 36 When PI was added to the MscL WT expressing cells during osmotic downshock, PI uptake was observed, as expected. In contrast, there was no PI uptake when PI was added to both MscL WT and MscL G22S after the cells had been subjected to osmotic downshock and recovered in iso-osmotic solution, confirming that the cell viability was maintained during osmotic downshock and dye uptake was due to MscL activation.
To further investigate the responsiveness of MscL activation by osmotic pressure and to determine the threshold of MscL activation, we conducted PI uptake experiments under different osmotic conditions. For MscL expressing cells some dye uptake was evident at 100 mOsm and the influx continued to increase with decreasing solution osmolarity. As expected and consistent with the earlier result, no PI uptake was detected at any osmolarity when RPE cells did not express MscL (Figs. 2c and 2d) . At the low end of the osmolarity, cells expressing MscL G22S took up significantly more PI than MscL WT cells. Interestingly, it appeared that MscL WT had a lower activation threshold than MscL G22S.
Fluid shear stress was unable to activate MscL
Mechanochemical signal transduction by shearsensitive mechanoreceptors allows sensing of hemodynamic forces, particularly in endothelial cells. 38 We next asked whether shear stress associated with globally applied fluid flow could possibly activate MscL in mammalian cells. This experiment has not been possible because of the limitations of exerting shear stress to E. coli or spheroplasts. We controlled shear stress in our experiments using microfluidic channels with welldefined geometry (Fig. 3a) . The cultured cells in microchannels expressed functional MscL that responded to osmotic downshock (Figs. 3b and 3c) . However, no robust MscL activation was detected in cells subjected to shear stress up to 400 dyne/cm 2 ( Fig. 3d) . At 400 dyne/cm 2 of shear stress, a few cells expressing MscL G22S were observed with PI uptake, but cell detachment became evident when shear stress ‡400 dyne/cm 2 was applied, as others have shown.
30
Localized Stress by Acoustic Tweezing Cytometry (ATC) Activates MscL
Because of the fluidity of the lipid bilayer membrane, flow-generated shear stress is unable to exert forces directly to the lipid molecules to induce membrane tension. Shear deformation becomes relevant if the membrane is coupled to structures such as the cytoskeleton. To test if localized stress to the cells could potentially induce activation of MscL expressed in mammalian cells, we conducted a series of experiments using ATC (Fig. 4a) . ATC uses ultrasound pulses to actuate gas-filled microbubbles that were functionalized with Arg-Gly-Asp (RGD) peptide and attached to integrin receptors of the cells. Ultrasound pulses generate a directional force, the acoustic radiation force, on the microbubbles, and the displacement of the integrin-anchored microbubbles from their original location leads to targeted stress to the cells through the microbubble-integrin-cytoskeleton linkage. In addition, ultrasound application readily generates cavitation of the microbubbles (rapid volume expansion and contraction), which induced microstreaming of fluid, thus shear stress, near the microbubbles. 22 Our previous work has shown that ATC using ultrasonic excitation of RGD-functionalized microbubbles bound to integrins elicited strong cytoskeleton contractile responses that requires an intact actin cytoskeleton and Rho/ROCK signaling. 8 In this study, functionalized microbubbles were introduced to cells seeded on a glass-bottomed culture dish such that 3.7 ± 2.2 (n = 40 cells) microbubbles were attached to each of the cells (Fig. 4b) . Using a 10 MHz transducer mounted at a 45°angle, microbubbles were subjected to 10 s application of ultrasound pulses with a duty cycle of 25% and PRF of 5 Hz. These parameters minimized the cavitation effect (thus the localized shear stress from microstreaming) compared to the directional force (acoustic radiation force) exerted on the microbubbles. The primary acoustic radiation force was generated by the incident ultrasound field on a microbubble via momentum transfer, and can be calculated as ; where P A is the acoustic pressure amplitude, R 0 is the equilibrium radius of the microbubble, d tot is the total damping constant (0.1), q 0 is the medium density (1000 kg/m 3 ), and c is the speed of sound in medium (1500 m/s), x 0 = 2pf 0 , where f 0 is the resonance frequency (3.5 MHz) of the lipid-coated microbubble with a radius of 2 lm, 9 and x is the frequency of the ultrasound applied (10 MHz). Using pressure amplitude between 0.047 MPa and 0.095 MPa, forces between 15 and 60 pN can be generated on a microbubble (Supplemental Fig. S1 ). Large amplitude expansion/contraction of microbubbles (strong cavitation), which typically occurs under high acoustic pressures or when the frequency of the incident ultrasound field is close to the resonant frequency of the microbubbles, can lead to transient membrane disruption by sonoporation that permits transport of exogenous molecules. 7 Large amplitude cavitation often leads to reduction in microbubble size over time, due to gas leakage from the disrupted protective lipid layer of the encapsulated microbubbles.
To ensure cavitation was not the cause for PI uptake by disrupting the cell membrane in our experimental study, we employed relatively low acoustic pressure amplitudes and 10 MHz center frequency, which was far away from the microbubble resonant frequency. High-speed imaging confirmed that microbubble expansion and contraction was minimal (<5% of the equilibrium radius) and the size of microbubbles remained stable throughout ultrasound application (Fig. 4c) . Furthermore, experiments with PI in the medium showed no uptake in non-expressing cells with and without microbubbles, nor MscL expressing cells without microbubbles, indicating no cell membrane disruption by ultrasound application. Translational displacement of the microbubbles was observed with an average displacement of~1 lm achieved during each ultrasound pulse. During the pulse-off period, the microbubbles partially returned to their original positions, dictated by the elastic properties of the microbubble-focal adhesion-cytoskeleton linkages. Besides possible cell remodeling, the creep in the displacements may be due to the short time interval between pulses such that there may not be enough time for a full recovery of microbubble displacements. Interestingly, with the use of ATC to apply forces to the integrin receptors, cells expressing MscL clearly took up PI as the acoustic radiation force increased from 0 to 60 pN, in contrast to uninfected cells without visible PI uptake (Fig. 4d) , indicating gating of the MscL expressed in the cells by ATC stimulation. The percentage of MscL G22S expressing cells that took up PI increased to up to about 20%, which was higher than the percentage of cells with PI uptake of MscL WT cells (about 14%), consistent with the lower tension threshold for MscL G22S (Fig. 4e) .
To exclude the possibility that virus-infection of cells somehow caused the cells to become more sensitive to ATC perturbation, we tested whether RPE cells expressing adenovirus-encoded biotinylated transferrin receptor (bTfnR) using a site-specific labeling approach developed previously 20 with RGD bound microbubbles would take up PI when subjected to ATC stimulation. We found that bTfnR expressing RPE cells did not take up PI at any applied forces by ATC, indicating that the viral infection had no effect on PI uptake. As RGD-functionalized microbubbles were targeted to integrin receptors, we tested whether MscL activation could occur by forces applied to other membrane receptors such as bTfnR. With microbubbles bound to bTfnR on cells expressing both bTfnR and MscL, we found no PI uptake when subjected to the same ATC stimulation (Fig. 4f) , suggesting that force transduction through the integrin-focal adhesion complex is critical for the observed activation of MscL and PI uptake by ATC stimulation. Consistent with this, mild disruption of the actin cytoskeleton by treating the cells with 50 nM of latrunculin A, an actin monomer binding drug, reduced the PI delivery efficiency significantly at all forces (Fig. 4g) . Together, these results showed that the observed activation of MscL is mediated through localized mechanical stress induced by ultrasound actuation of integrin-anchored microbubbles on the cells, which pull on the microbubble-integrin-cytoskeleton linkages, in an actindependent manner.
DISCUSSION
Mechanosensation is one of the most ubiquitous phenomena in living systems and MS channels constitute the simplest mechanism of mechanotransduction. 13 However, our understanding of MS channels is far from complete. Studies of mechanosensation in bacteria have led to the discovery of MS channels that gate by lipid bilayer tension; while identification of the gating mechanisms of MS channels in eukaryotes has been much more challenging due to the rarity of certain sensory cells and the difficulty in assaying the function of candidate mechanotransudction molecules. 2 Our results presented in this study identified a new activation mechanism for gating MscL in a different cellular context, by employing a new cellular mechanics tool (ATC) on mammalian cells expressing bacterial MscL.
Our finding that MscL was localized to nuclear membrane of the infected RPE cells, in addition to the plasma membrane, and possibly also to other cellular compartments, is interesting. This may not be entirely surprising given that MscL does not have a leader sequence targeting it specifically to the plasma membrane. Thus it may be able to insert into any cellular membranes as it readily inserts into liposome bilayers, leading to interesting consequences. For example, expression of MscL in mammalian cells was found in this study to permit the influx of small molecules such as PI and phalloidin across the plasma membrane during osmotic downshock.
In cells expressing MscL G22S, significantly higher PI uptake was observed with the strongest osmotic downshock tested compared to MscL WT, but the threshold osmolarity for gating MscL appears to be higher (lower osmolarity) for MscL G22S than for MscL WT. Potentially, there could be differences in the activation of the two MscL molecules that resulted in different opening states. A possible mechanism is the ''silent expansion'' of MscL prior to opening of the channel pore. 33 Given that MscL G22S is more sensitive to tension, it may silently expand sooner than WT MscL, which in turn would relax membrane tension due to the low osmolarity. This would result in MscL G22S appearing to open at a higher osmolarity threshold than MscL WT.
Our experiments showed that MscL in RPE cells was not sensitive to globally applied flow-induced shear stress up to 400 dyne/cm 2 . At 400 dyne/cm 2 , a surface tension of up to 0.1 mN/m could be induced to a 25 lm cell, but this surface tension was much lower than the reported~12 mN/m for MscL activation. 35 Thus, the inability for globally applied fluid shear stress to open MscL in our experiment may be primarily due to the insufficient membrane tension required to gate MscL that is produced by fluid flow. However, increasing the flow velocity to increase shear stress was not feasible in our experiments due to cell detachment at higher flow rates, indicating the limitation of the use of flow-induced shear stress as a robust mechanism for gating of MscL expressed in RPE cells. As such, shear-sensitive MS channels could have a very different gating mechanism than sensing pure membrane tension induced globally as the primary stimulus. For example, tethering to the cytoskeleton may be important in the activation mechanism for shear-sensitive MS channels.
MS channel gating is employed in hair cells and neuronal cells, which have a direct connection between the channels and the cytoskeleton and/or extracellular matrix (ECM) in order to confer directional sensitivity. 2, 39 Furthermore, a recent work postulates that stiffened lipid platforms that can direct, rescale, and confine force may be a plausible mechanism that is used by mammalian cells. 1 This is an interesting possibility because cell membranes are highly heterogeneous and cells have extensive cytoskeleton networks that connect to the ECM through transmembrane integrin receptors. Since the cytoskeleton-membrane interaction plays a key role in regulating membrane properties, cytoskeleton and ECM may serve to modulate the dynamic range of MS channel gating. 24 The use of the novel ATC technique in this study for applying localized mechanical forces with subcellular resolution provided the opportunity to investigate the involvement of this mechanism in MscL gating. Our finding that local force application using ATC could open MscL in an actin-dependent and integrindependent manner supports this idea, and is consistent with a previous study that showed direct mechanical stimulation of actin stress fibers activates MS channels in endothelial cells; where a stretching force of 5.5 pN exerted on stress fibers resulted in inward current from MS channels. 14 In this study and indicated by previous work, ATC applied local mechanical stresses to the cells via acoustic actuation of integrin-bound microbubbles. Although the detailed process of force generation on the cells is the focus of an on-going investigation, it is clear that the displacements of the integrin-bound microbubbles by the acoustic radiation force are involved in the stress exerted to the cells. On the other hand, fluid microstreaming induced by a cavitating microbubble attached to a cell during ultrasound application can also exert localized shear stress on the nearby cells, as demonstrated previously. 22 The effect of the localized shear stress by cavitation-induced microstreaming will be further investigated in future studies. However, in this study, the use of low acoustic pressures and center frequency of 10 MHz, far above the bubble resonant frequency, aimed to reduce the impact of cavitation relative to microbubble displacements. While the force that we applied to the microbubbles corresponding to activation of MscL ranged from 30 to 60 pN, how this force is translated to the cells to contribute to gating MscL requires further investigation. In addition, the effects of the number of microbubbles and duration of ATC stimulation will need to be elucidated.
Nonetheless, the forces we applied to cells by the use of ATC to open MscL is greater than the~5 pN drag force that is exerted by a globally applied shear stress of 400 dyne/cm 2 , assuming a protein of 5 nm in diameter. Assuming a microbubble has a contact diameter with the cell membrane of 250 nm, a membrane tension of~12 mN/m, comparable to the MscL activation tension, can be generated by a radiation force of 60 pN. We believe it is the localized force transduction via the microbubble-integrin-actin cytoskeleton that was critical for the gating of MscL. The finding that exerting the same force using ATC on microbubbles targeted to bTfnR did not gate MscL supports the idea that force transduction via integrin-actin cytoskeleton is responsible for the observed MscL gating. Interestingly, there are no known molecular interactions between MscL and any mammalian cellular components, thus force transduction via the cytoskeleton is highly unlikely to act through a direct tethering mechanism that has been proposed to pre-stress MS channels and affects their sensitivity. 34 Instead, we believe that a local change in membrane tension was generated by ATC and gated MscL in our experiments, revealing a new mechanism for gating MscL in mammalian cells.
Our ATC experiment also provides the first demonstration where delivery of molecules across the cell membrane can be achieved through the activation of a non-selective MS channel, without transient membrane disruption through sonoporation, providing a promising method for intracellular molecular delivery. Since microbubbles interact with ultrasound very efficiently and have been successfully used clinically as an imaging contrast agent for echocardiography, 10, 17 and they can be easily removed from the cells leaving no exogeneous material behind, the use of ultrasound in ATC is advantageous as it can exert forces on multiple cells simultaneously via biocompatible and multifunctional microbubbles in both 2D or 3D settings with a force range that is compatible with biological studies. Our results reported in this study demonstrate a new platform for further investigating MscL gating under different cellular conditions. In addition to this, the ATC experiment results support a new cytoskeleton-dependent mechanism for MscL activation. Despite MscL not being directly tethered to the actin cytoskeleton, localized force application via the integrin-focal adhesion-cytoskeleton linkage can generate sufficient membrane tension to activate MscL (Fig. 5 ). This represents a hybrid model that combines elements of the bilayer tension model and the cytoskeleton-tethered model, where the actin cytoskeleton force transduction can mediate activation of membrane tension responsive channels such as prokaryotic MscL. However, it is unclear how exactly the integrin-focal adhesion-cytoskeleton linkage generates the required membrane tension to open MscL.
The ability to functionally express MscL in mammalian cells could provide new opportunities for mechanobiology studies. MscL expression in nonmechanosensitive cells can render them mechanosensitive and be used as a novel mechanism for controlled molecular delivery in these cells. A number of diseases such as muscular dystrophy, sickle cell anemia, and cardiac arrhythmias have been linked to defects in activating MS channels. 34 Thus, it is enticing to suggest that engineered MscL with precise gating behaviors could be used as a therapeutic tool. Finally, one could also imagine the potential of using MscL in building functional cellular devices that are mechanosensitive.
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